We have previously shown that a retinoic acid receptor (RAR) antagonist BMS453, which does not activate RAR-dependent gene transcription in breast cells, inhibits normal breast cell growth. In this study we have investigated the mechanisms by which this retinoid receptor antagonist inhibits cell growth. Both all trans retinoic acid (atRA) and BMS453 inhibited the proliferation of normal breast cell growth without signi®-cantly inducing apoptosis. Both retinoids caused a G1 block in the cell cycle with an increase in the proportion of cells in G0/G1 and a decrease in the proportion of cells in S phase. We then investigated the eects of the retinoids on molecules that regulate the G1 to S transition. These studies demonstrated that both atRA and BMS453 induce Rb hypophosphorylation and decrease CDK2 kinase activity. We then studied the eect of the retinoids on the expression of CDK inhibitors. atRA and BMS453 increased total p21 protein levels and CDK2-bound p21 protein, but did not change CDK4-bound p21. These results suggest that atRA and BMS453 increase p21, decrease CDK2 kinase activity, which in turn leads to hypophosphorylation of Rb and G1 arrest. Because transforming growth factor beta (TGFb) has been proposed as a mediator of retinoid-induced growth inhibition, we next investigated whether TGFb mediates the anti-proliferative eect of atRA and BMS453 in normal breast cells. These studies showed that atRA and BMS453 increased total TGFb activity by 3 ± 5-fold. However, BMS453 increased active TGFb activity by 33-fold while atRA increased active TGFb activity by only threefold. These results suggest that BMS453 treatment induces conversion of latent TGFb to active TGFb. To investigate whether this increase in active TGFb mediates the anti-proliferative eects of these retinoids, a TGFb-blocking antibody was used in an attempt to prevent retinoid-induced growth inhibition. Results from these experiments showed that the anti-TGFb antibody prevented the inhibition of cell proliferation induced by BMS453, but did not prevent the inhibition of cell proliferation induced by atRA.
We have previously shown that a retinoic acid receptor (RAR) antagonist BMS453, which does not activate RAR-dependent gene transcription in breast cells, inhibits normal breast cell growth. In this study we have investigated the mechanisms by which this retinoid receptor antagonist inhibits cell growth. Both all trans retinoic acid (atRA) and BMS453 inhibited the proliferation of normal breast cell growth without signi®-cantly inducing apoptosis. Both retinoids caused a G1 block in the cell cycle with an increase in the proportion of cells in G0/G1 and a decrease in the proportion of cells in S phase. We then investigated the eects of the retinoids on molecules that regulate the G1 to S transition. These studies demonstrated that both atRA and BMS453 induce Rb hypophosphorylation and decrease CDK2 kinase activity. We then studied the eect of the retinoids on the expression of CDK inhibitors. atRA and BMS453 increased total p21 protein levels and CDK2-bound p21 protein, but did not change CDK4-bound p21. These results suggest that atRA and BMS453 increase p21, decrease CDK2 kinase activity, which in turn leads to hypophosphorylation of Rb and G1 arrest. Because transforming growth factor beta (TGFb) has been proposed as a mediator of retinoid-induced growth inhibition, we next investigated whether TGFb mediates the anti-proliferative eect of atRA and BMS453 in normal breast cells. These studies showed that atRA and BMS453 increased total TGFb activity by 3 ± 5-fold. However, BMS453 increased active TGFb activity by 33-fold while atRA increased active TGFb activity by only threefold. These results suggest that BMS453 treatment induces conversion of latent TGFb to active TGFb. To investigate whether this increase in active TGFb mediates the anti-proliferative eects of these retinoids, a TGFb-blocking antibody was used in an attempt to prevent retinoid-induced growth inhibition. Results from these experiments showed that the anti-TGFb antibody prevented the inhibition of cell proliferation induced by BMS453, but did not prevent the inhibition of cell proliferation induced by atRA.
Introduction
Retinoids have been shown to prevent tumorigenesis in animals and to inhibit cancer cell growth in vivo (Roberts and Sporn, 1984) . Such results led to the testing of all trans retinoic acid (atRA), 13 cis retinoic acid (13cRA), 9 cis retinoic acid (9cRA) in clinical trials for cancer treatment and prevention (Cassidy et al., 1982; Lee et al., 1993; Miller et al., 1996; Sutton et al., 1997) . These trials showed that retinoids are eective for prevention and treatment of head and neck cancer and skin cancer. Thus, retinoids are most promising agents for cancer prevention. However, the toxicity of retinoids has limited their general use for cancer prevention. Therefore, current eorts are aimed at developing synthetic retinoids which are less toxic and more eective as chemoprevention agents.
Retinoids have been shown to inhibit breast cancer cell growth (Roberts and Sporn, 1984) . However, the growth inhibition mechanism is not fully understood. Previous studies have shown that retinoids can inhibit breast cell proliferation (Seewaldt et al., 1997; Toma et al., 1997; Zhou et al., 1997) , induce apoptosis (Fanjul et al., 1998; Toma et al., 1997 Toma et al., , 1998a , or cause dierentiation (Jing et al., 1996; Lee et al., 1995) . Retinoids function through their receptors, the retinoic acid receptors (RARa, RARb, RARg) and the retinoid X receptors (RXRa, RXRb, RXRg), which belong to steroid nuclear receptor superfamily (Roberts and Sporn, 1984) . The expressions of retinoid receptor RARb and RARa have been shown to correlate with the antiproliferative eects of retinoids Liu et al., 1996; Seewaldt et al., 1995; Sheikh et al., 1994) .
It has been proposed that retinoids inhibit cell growth by inhibiting the expression of growth stimulating factors or signaling pathways, or by inducing the expression of growth inhibitory factors such as TGFb (Pfahl, 1993; Yang-Yen et al., 1991) . Retinoids induce the secretion of TGFb in many dierent cells including breast cancer cells Pfahl, 1993; Yang-Yen et al., 1991) . In HL-60 cells, the induction of TGFb has been shown to be necessary for retinoid-induced growth inhibition of these cells (Nunes et al., 1996) . TGFb proteins are secreted in a latent inactive form, in which TGFb is noncovalently associated with latency associated peptide (LAP). Latent TGFb is converted to an active form when LAP is removed from the complex by proteolysis through multiple pathways (Gleizes et al., 1997) . Active TGFb functions through binding to TGFb receptors, which signal through Smad signal transduction pathways (Lagna et al., 1996; Liu et al., 1998) .
Retinoids have also been shown to inhibit breast cell proliferation by causing G1 arrest. Several cell cycle modulators are important to control G1 transition to S phase include Rb, cyclins D and E, cyclin-dependent kinases 2, 4, and 6, and their inhibitors, p15, p16, p21, and p27 (Hunter and Pines, 1994; Sher, 1994) . Retinoids have been shown to induce Rb dephosphorylation (Seewaldt et al., 1997; Zhu et al., 1997) and reduction of cyclin D1, D3, and E protein levels in normal and cancerous breast cells and immortalized human bronchial epithelial cells (Langenfeld et al., 1996; Zhou et al., 1997) . atRA has been reported to decrease CDK2 and CDK4 kinase activities in breast cancer cells (Teixeira and Pratt, 1997; Zhou et al., 1997) . Retinoids have been shown to aect p21 expression in breast cancer cells. atRA has been reported to decrease p21 protein level in breast cancer cells (Zhu et al., 1997) , or have no eect on p21 protein level in normal breast cells (Seewaldt et al., 1997) . The synthetic retinoid, CD437 (AHPN), a RAR gammaselective retinoid, has been shown to increase the expression of p21 protein in breast cancer cells through a mechanism independent of RAR and RXR Shao et al., 1995) . Recent studies by Zhang et al. (2000) have also shown that CD437 increases p21 in normal mammary epithelial cells.
Naturally occurring retinoids are promising agents for the prevention of epithelial cancers, however, their toxicity has limited their general use. By elucidating the mechanism by which retinoids inhibit growth, synthetic retinoids that retain chemopreventive ecacy but that have reduced toxicity can be developed. We have previously shown that a synthetic retinoid BMS453, an RAR antagonist that binds RAR proteins, but does not activate RAR-dependent gene expression, inhibited breast cell growth (Yang et al., 1999) . In these studies we have shown that BMS453 inhibits cell proliferation without inducing apoptosis in normal breast cells. We further characterized the eects of BMS453 and atRA on the cell cycle and cell cycle modulators in normal breast cells. These results demonstrate that both atRA and BMS453 caused G1 arrest. Treatment with atRA and BMS453 caused increased expression of p21 protein, decreased CDK2 kinase activity, and Rb hypophosphorylation. Since BMS453 is an RAR antagonist, and does not appear to activate RARdependent gene expression, the increase in p21 protein expression is likely independent of RAR-dependent transactivation. The present results also show that BMS453 is a more potent activator of TGFb than atRA, and that the activation of TGFb is necessary for BMS453-induced growth inhibition of normal breast cells. These studies demonstrate that it is possible to identify retinoid analogs that inhibit cell growth without activating typical RAR-dependent pathways. Such agents will likely have less toxicity than naturally occurring retinoids, and may be useful agents for breast cancer prevention.
Results

atRA and BMS453 inhibit 3 H-thymidine incorporation in normal breast cells
We have previously shown that atRA and BMS453 inhibit normal and malignant breast cells, and that this inhibition does not necessarily depend on RARinduced transactivation (Yang et al., 1999) . In the present study we investigated the mechanism by which atRA and BMS453 inhibit normal breast cell growth. In order to investigate whether retinoids inhibit normal breast cell proliferation, we used a 3 H-thymidine incorporation assay to study the eects of retinoids on DNA synthesis. As seen in Figure 1 , both atRA (1 mM) and the synthetic retinoid (BMS453) (1 mM) inhibited 3 H-thymidine uptake in normal breast cells (184 and HMEC) by 40 ± 60%. Therefore, both atRA and BMS453 inhibited cell proliferation in normal breast cells. H-Thymidine incorporation assay was performed as described in Materials and methods. Each data point was performed in triplet, and the results were reported as c.p.m.+standard error. The single star (*) represents P value less than 0.05, while the double stars (**) represent P value less than 0.01
Retinoids do not induce apoptosis in normal breast cells Next, we studied whether retinoid-induced growth inhibition was due to apoptosis in normal breast cells. Using a TUNEL assay, 1 mM atRA induced a slight increase in apoptosis in HMEC, which was not statistically signi®cant, while 1 mM BMS453 did not induce apoptosis (Figure 2a,b) . Taxol, an apoptosisinducing agent (Gangemi et al., 1996) , did cause a low level of apoptosis in normal breast cells (Figure 2a,b) , although these normal cells are less resistive to Taxol than are cancer cells. Using this assay, breast cancer cells show 450% apoptosis when treated with Taxol (data not shown). A second measure of apoptosis, assessing cytoplasmic fragmentation of DNA, was performed to further monitor sub-microscopic apoptotic events. As shown in Figure 2c , 1 mM atRA and 1 mM BMS453 did not signi®cantly induce apoptosis as measured by this assay.
atRA and BMS453 cause G1 arrest in normal breast cells To investigate the mechanism by which BMS453 inhibits proliferation, we studied the eect of retinoids on cell cycle. Normal breast cells (184 cells) were treated with vehicle (DMSO), 1 mM atRA and 1 mM BMS453 for 5 days and¯ow cytometry assay was performed. The results of a representative experiment from at least three independent experiments are shown in Figure 3 and Table 1 . One mM atRA and 1 mM BMS453 increased the proportion of cells in G0/G1 phase (by 11 ± 37%) and decreased the proportion of cells in S phase (by 18 ± 63%). This indicates that both atRA and BMS453 inhibit normal breast cell proliferation by causing G1 arrest.
Effects of atRA and BMS453 on Rb phosphorylation, cyclins and CDK expression
Molecules that regulate G1 to S transition include Rb, cyclins D and E, CDK2, CDK4, and the CDK inhibitors. We ®rst investigated the eects of retinoids on the phosphorylation of Rb. As seen in Figure 4 (top panel), Rb is highly phosphorylated in exponentially growing cells (lane 2) and vehicle (DMSO)-treated cells (lanes 4, 7 and 10). Rb is hypophosphorylated in cells treated with TGFb or by starving of growth factors (lanes 1 and 3). Both atRA and BMS453 also induced Rb hypophosphorylation after 48 and 73 h (lanes 7 ± 9 and lanes 10 ± 12).
Since Rb is phosphorylated by cyclin E : CDK2 or cyclin D : CDK4/6 complexes, we next determined the eects of retinoids on protein levels of cyclin D and cyclin E. As shown in Figure 4 , cyclin D1 and cyclin E protein levels were dramatically decreased in starved cells (lane 3). In cells treated with atRA or BMS453, cyclin D1 protein expression was unchanged. Cyclin E protein expression was also unchanged in cells treated with atRA or BMS453 for 24 to 48 h (lanes 4 ± 6 and lanes 7 ± 9), but was reduced in cells treated with these retinoids after 72 h (lanes 10 ± 12).
We next determined the eects of retinoids on the expression of CDK2 and CDK4 proteins. As seen in Figure 4 , CDK2 and CDK4 expression decreased in starving cells (lane 3). The expression of CDK2 was also reduced by atRA after 48 and 72 h ( Figure 4 , lanes 7 ± 9 and lanes 10 ± 12). CDK2 showed the greatest decrease after 72 h of treatment with atRA.
atRA and BMS453 decrease CDK2 kinase activity Since both cyclin D : CDK4/6 and cyclin E : CDK2 complexes phosphorylate Rb, we next investigated the eects of retinoids on cyclin-associated kinase activities. Histone H1 was used as a substrate for detecting CDK2 kinase activity while GST-Rb was used as a substrate for detecting CDK4/6 kinase activity (cyclin D-associated kinase activity). As seen in Figure 5 , proliferating cells had much higher CDK2 kinase activity (lane 1) as compared with starved cells or TGFb-treated cells (lanes 2 and 9). One mM atRA and 1 mM BMS453 decreased CDK2 kinase activity by 40 ± 50% as shown by decreased phosphorylation of histone H1 after treatment for 24 and 72 h (lanes 3 ± 5 and lanes 6 ± 8). However, CDK4/6 kinase (cyclin D- Normal breast cells were treated with retinoids for 6 days and an ELISA apoptosis assay was performed as described in Materials and methods. Results are shown as mean of three samples+standard error. The single star (*) represents P value less than 0.05 associated kinase) activity was not aected by retinoids. Since cyclin D-associated kinase activity contains both CDK4 and CDK6 kinase activities, we also determined the eect of retinoid treatment on CDK4 kinase activity (using a CDK4 antibody to immunoprecipitate the CDK4 complex, and then using GST-Rb as the substrate for CDK4 kinase). Neither atRA nor BMS453 decreased CDK4 kinase activity after treatment for 24 and 72 h (data not shown). Therefore, the hypophosphorylation of Rb induced by these retinoids is due to the decreased CDK2 kinase activity in retinoid-treated breast cells.
Retinoids increase p21, p15, CDK2-associated p21 and CDK4-associated p15 proteins
We next determined the eects of retinoids on protein expression of CDK inhibitors such as p27, p21, p16 and p15. p27 protein was not detectable in normal breast cells (data not shown). As shown in Figure 6 , p21 expression was increased by TGFb treatment (lane 1). P21 was also increased by both atRA and BMS453 after 24 h (lanes 4 ± 6). P21 expression returned to baseline after 48 h (lanes 7 ± 9), and then decreased after 72 h (lanes 10 ± 12) treatment with the retinoids. Neither retinoid signi®cantly aected the p16 protein level (lanes 4 ± 6 and lanes 7 ± 9), except after treatment for 72 h, when p16 expression was decreased by atRA but not by BMS453 (lanes 10 ± 12). p15 was increased by TGFb treatment and starving (lanes 1 ± 3), and by atRA and BMS453 treatment after 24 and 48 h (lanes 4 ± 6 and lanes 7 ± 9), but was not signi®cantly changed after 72 h (lanes 10 ± 12).
We next determined the levels of p21 and p15 proteins present in the CDK2 and CDK4 complexes by ®rst immunoprecipitating the CDK2 or CDK4 complexes with speci®c antibodies, and then performing by Western blot analysis for the p21 and p15 proteins. As shown in Figure 7 , after treatment for 24 h with the retinoids, the level of CDK2-associated p21 protein level was increased (lanes 1 ± 3). Relative levels of CDK2-associated p21 were determined by densitometric quantitation followed by normalization to total CDK2 levels. These results show that atRA and BMS453 increase CDK2-associated p21 by 3.1 and 2.3-fold, respectively after 24 h treatment. Neither Figure 3 atRA and BMS453 induce G1 arrest. 184 cells were treated with retinoids (1 mM) or vehicle (DMSO) for 5 days and¯ow cytometry assay was performed as described in Materials and methods retinoid increased CDK4-associated p21 (lanes 7 ± 12). CDK4-associated p15 protein levels were increased by atRA and BMS453 after 72 h (by 2.0-fold by atRA and 2.2-fold by BMS453, lanes 10 ± 12). These results are consistent with the Western blot analysis shown in Figure 6 demonstrating that the retinoids increased total p21 and p15.
atRA and BMS453 both induce TGFb activity in normal breast cells
Because some of the antiproliferative eects of retinoids have been linked to the production of TGFb Nunes et al., 1996) , we next investigated the eect of these retinoids on TGFb expression and activity. Normal human mammary epithelial cells (184) were treated with 1 mM atRA and 1 mM BMS453, and RNAs were prepared from these retinoid-treated cells. RNase protection assays were then performed to measure TGFb 1, 2, and 3 mRNA expression. One mM atRA and 1 mM BMS453 has no signi®cant eect on mRNA level of TGFb1, TGFb2 in normal breast cells, while TGFb3 was not detected in these cells (data not shown). We also investigated the eect of the retinoids on the expression of the receptors for TGFb, TGFb receptors I and II. Using an RNase protection assay we found that the 184 normal breast cells express TGFb receptors I and II, and that 1 mM atRA or BMS453 did not aect their RNA expression levels (data not shown).
TGFb activity was then measured by incubating the medium from 184 cells treated with retinoids (conditioned medium) with the mink lung epithelial cells, which have been stably transfected with PAI-1 promoter luciferase construct containing a TGFb response element (Abe et al., 1994) . By heating the 184-conditioned media, latent TGFb can be converted to active TGFb. Thus, in heated samples, TGFb activity detected by this assay represents the active TGFb plus latent TGFb in the original conditioned media (referred to as total TGFb). As shown in Figure  8 , 1 mM atRA increased total TGFb activity by twofold, ®vefold and 5.5-fold after 1, 3, and 5 days Figure 4 atRA and BMS453 regulate cell cycle modulators. 184 cells were synchronized by depletion of the growth factors and exposed to retinoids (1 mM), DMSO, or TGFb (2 ng/ml) for the indicated time and Western blot analysis was performed with speci®c antibodies. Lane 1: 12 h treatment with TGFb; lane 2: growing cells; lane 3: starved cells and is also considered as 0 h before treatment; lanes 4 ± 6, 7 ± 9, and 10 ± 12: 24, 48, and 72 h treatment with DMSO, atRA and BMS453 Figure 5 atRA and BMS453 decrease CDK2 kinase activity. 184 cells were synchronized by depletion of the growth factors and exposed to retinoids (1 mM), DMSO, or TGFb (2 ng/ml) for the indicated time. The cells were lysed and the lysates were immunoprecipitated either with CDK2 antibody and CDK2 kinase assay was performed using histone H1 as a substrate or with cyclin D antibody and cyclin D-associated kinase assay was performed using GST-Rb as a substrate. Lane 1: starved cells and is also considered as 0 h before treatment; lane 2: growing cells; lanes 3 ± 5 and 6 ± 8: 24 and 72 h treatment with DMSO, atRA and BMS453; lane 9: 12 h treatment with TGFb of treatment respectively (P values less than 0.05, 0.001, 0.05 respectively), while 1 mM BMS453 caused a slight increase in total TGFb (not statistically signi®cant). As described in Materials and methods, by using conditioned medium that is not heated, this assay measures the active TGFb present in the conditioned media, without measuring the latent TGFb. Therefore, we also measured only the active TGFb in the conditioned media from cells treated with atRA or BMS453. As shown in Figure 8 , 1 mM atRA increased active TGFb activity by twofold and ®vefold after 3 and 5 days of treatment (P values less than 0.05, 0.05 respectively), while 1 mM BMS453 increased active TGFb activity by 4-and 33-fold after 3 and 5 days of treatment (P values less than 0.05, 0.005 respectively).
Thus, these results demonstrate that both atRA and Figure 6 atRA and BMS453 regulate CDK inhibitors. 184 cells were synchronized by depletion of the growth factors and exposed to retinoids (1 mM), DMSO, or TGFb (2 ng/ml) for the indicated time and Western blot analysis was performed with speci®c antibodies against CDK inhibitors. Lane 1: 12 h treatment with TGFb; lane 2: growing cells; lane 3: starved cells and is also considered as 0 h before treatment; lanes 4 ± 6, 7 ± 9, and 10 ± 12: 24, 48 and 72 h treatment with DMSO, atRA and BMS453 Figure 7 Retinoids regulated CDK2-or CDK4-associated p21 and p15. 184 cells were synchronized by depletion of the growth factors and exposed to retinoids (1 mM), DMSO, or TGFb (2 ng/ml) for the indicated time. The cells were lysed and the lysates were immunoprecipitated with CDK2 antibody or CDK4 antibody and Western blot analysis was performed. Lanes 1 ± 3 and 4 ± 6: 24 and 72 h treatment with DMSO, atRA and BMS453 and immunoprecipitated with CDK2 or CDK4 antibody BMS453 increase the amount of total TGFb. However, BMS453 induces much more active TGFb than does atRA. This is particularly striking given the fact that atRA induces more total TGFb than BMS453. These results suggest that treatment with BMS453 leads to activation of latent TGFb into active TGFb.
TGFb blocking antibody prevents BMS453-induced inhibition of normal breast cell growth
Since atRA and BMS453 increased TGFb activity, we next determined whether TGFb is required for the growth inhibition induced by these retinoids using a TGFb blocking antibody. For these experiments, uptake of 3 H-thymidine was measured in breast cells treated with retinoids, vehicle alone, or TGFb1, in the absence or presence of this TGFb-blocking antibody. As shown in Figure 9 , cells treated with vehicle (DMSO) plus IgG, there was a high level of 3 Hthymidine uptake, and the TGFb-blocking antibody did not inhibit 3 H-thymidine uptake (bars 1 and 2). However, TGFb does inhibit 3 H-thymidine uptake of these cells, and the TGFb-blocking antibody reversed this inhibitory eect of TGFb (bars 3 and 4). atRA suppressed 3 H-thymidine incorporation either in the presence of IgG or the TGFb-blocking antibody (bars 5 and 6). However, while 1 mM BMS453 also inhibited 3 H-thymidine incorporation in the presence of IgG, the TGFb-blocking antibody was able to reverse this inhibitory eect of BMS453 (bars 7 and 8). Therefore, these data demonstrate that TGFb mediates the antiproliferative eect of BMS453 but not of atRA in normal human mammary epithelial cells.
Discussion
The above results demonstrate that both atRA and the synthetic retinoid BMS453 inhibit normal mammary epithelial cell growth by causing G1 arrest without Figure 8 TGFb activity in normal breast cells. Normal breast cells were exposed to 1 mM atRA or vehicle (DMSO) for 1, 3 or 5 days as indicated. This bioassay for measuring total and active TGFb was performed as described in Materials and methods. The data are expressed at relative levels of TGFb activity (as re¯ected by changes in luciferase activity) and are plotted as mean+standard error from at least two independent experiments Figure 9 TGFb-blocking antibody prevents retinoid BMS453-induced inhibition of normal breast cell proliferation. Normal breast cells were ®rst starved of growth factors for 24 h to synchronize the cells. The cells were then treated with retinoids, IgG (40 ng/ml), or an anti-TGFb blocking antibody (40 ng/ml) in complete medium for 36 h. signi®cantly inducing apoptosis. The results presented here show that treatment of these cells with these retinoids increases p21 expression, which inhibits CDK2 kinase activity and causes Rb hypophosphorylation. Both of these retinoids also induce TGFb expression. However, unlike atRA, BMS453 strongly induces active TGFb. A TGFb-blocking antibody totally reversed the growth suppression induced by BMS453, demonstrating that the anti-proliferative eect of BMS453 is mediated by TGFb.
Retinoids inhibit breast cell growth by several pathways. We and others have shown that retinoids inhibit the AP-1 transcription factor through transcription factor crosstalk (Yang et al., 1999; Chen et al., 1995; Lin et al., 2000) . Both atRA and BMS453 have been shown to inhibit AP-1 transcription factor (Yang et al., 1999; Chen et al., 1995) . Further studies on the role of AP-1 transrepression in retinoid-induced growth suppression are ongoing in our laboratory.
Retinoids have also been shown to cause G1 cell cycle arrest (Seewaldt et al., 1997) , and apoptosis of breast cancer cells (Toma et al., 1997) depending on the speci®c retinoid tested. The present results demonstrate that atRA and BMS453 do not signi®-cantly induce apoptosis in normal human mammary epithelial cells but instead inhibit their proliferation. Our results are consistent with the study by Seewaldt et al. (1997) that showed that atRA causes G1 arrest without inducing apoptosis in normal breast cells.
Cyclin E-CDK2 complex and cyclin D-CDK4 are necessary to govern G1 to S phase transition. Langenfeld et al. (1996) have shown that retinoids downregulated cyclin D and cyclin E protein levels in immortalized human bronchial epithelial cells. Seewaldt et al. (1997) has shown that atRA decreased cyclin D1 protein and cyclin E protein in normal breast cells. Our results showed that atRA and BMS453 did not signi®cantly change the protein level of cyclin D1, but did reduce cyclin E expression in HMEC and 184 normal breast cells. These dierences may be due to the fact that we used dierent isolates of human mammary epithelial cells than did Seewaldt's group (Seewaldt et al., 1997) . We also found that atRA and BMS453 decreased CDK2 activity (but not cyclin D-associated (CDK4/6) or CDK4 kinase activity) in normal breast cells. Therefore, it is likely that decreased CDK2 kinase activity leads to hypophosphorylation of Rb. These results are consistent with previous studies by Teixeira and Pratt (1997) , which showed that CDK2 was a target for atRA-induced G1 arrest in MCF7 cells.
Since CDK2 kinase activity is inhibited by p21, we also examined the eects of atRA and BMS453 on p21 expression. The eects of the retinoids on p21 protein have been studied by several groups. Retinoids have been reported to increase p21 protein expression in some human breast cells Shao et al., 1995; Zhang et al., 2000) , to decrease p21 expression in MCF7 cells (Zhou et al., 1997; Zhu et al., 1997) , or to not change p21 expression in normal breast cells (Seewaldt et al., 1997) . Our results showed that atRA and BMS453 increased p21 protein levels in HMEC and 184 normal breast cells after 24 h. AtRA may induce p21 expression directly though activation of the retinoic acid response element (RARE) within the p21 promoter. However, BMS453 does not activate RAREdependent gene expression, so it likely increases p21 expression through some other mechanism. Since atRA and BMS453 also increased the level of total or active TGFb, this increase in TGFb also likely induces p21 expression, which in turn reduces CDK2 activity, and causes Rb hypophosphorylation and a G1 cell cycle block. It should be noted that the eects of the retinoids on these cell cycle regulators are less dramatic than seen in cells treated with puri®ed TGFb. This is likely because the concentration of the added TGFb is much higher than the concentration of the TGFb elicited by retinoids.
Regulation of TGFb gene expression by retinoids may be at the post-transcriptional level since there is no RARE identi®ed in the promoter of TGFb (Kim et al., 1989; Lafyatis et al., 1990 , Noma et al., 1991 . The observation that atRA and BMS453 did not increase TGFb mRNA level but did increase TGFb activity is consistent with the hypothesis that these retinoids increase TGFb activity through a post-transcriptional mechanism. Our results suggest that treatment with BMS453 somehow activates the conversion of latent TGFb into active TGFb. Multiple factors such as plasmin, mannose 6-phosphate receptor/IGF-II receptor, tissue transglutaminase or cathepsin D are involved in the conversion of latent TGFb into active TGFb . Previous studies indicate that retinoids can activate the conversion of latent TGFb into active TGFb by increasing plasminogen activator level (Imai et al., 1997; Gleizes et al., 1997; Kojima and Rifkin, 1993) . Studies to investigate how BMS453 activates latent TGFb are ongoing. The mechanism by which atRA inhibits normal breast cell growth is likely to be more complex. Of note, the present results demonstrate that block of the TGFb is not sucient to reverse the anti-proliferative eect of atRA, indicating other pathways transduce some of the growth suppressive signals induced by atRA.
Based on the above results, we propose a model for the mechanism by which atRA and BMS453 cause G1 arrest (shown in Figure 10 ). As seen in this ®gure, BMS453 induces TGFb activation through an unknown mechanism that is likely independent of RARdependent transactivation. Active TGFb signals through Smads to increase the p21 protein level, which then inhibits CDK2 activity, causing Rb hypophosphorylation and G1 arrest. As we have previously shown, BMS453 also inhibits the AP-1 transcription factor through transcription factor crosstalk (Yang et al., 1999) . This inhibition of AP-1 may somehow lead to activation of latent TGFb, or alternatively could alter TGFb signaling to increase the sensitivity of breast cells to the antiproliferative eects of TGFb. In contrast, atRA likely increases p21 expression through another mechanism, such as by direct activation of the RARE within the p21 promoter, which also leads to G1 arrest.
Retinoids are promising chemopreventive agents, however naturally occurring retinoids are likely too toxic for general use. The synthetic retinoid BMD453, which does not activate RAR-dependent transcription, but which does inhibit normal breast cell growth by inducing active TGFb, represents a class of synthetic retinoids that may retain their chemopreventive ecacy, yet have less toxicity. Future studies will focus on determining its eect on tumorigenesis, the toxicity and chemopreventive ecacy of this and other synthetic retinoids using breast cancer animal models. Results from these studies should lead to the development of eective and safe agents for the prevention of breast cancer.
Materials and methods
Cell lines and reagents
Normal human mammary epithelial cells were grown in mammary epithelium basal medium (MEBM) supplemented with bovine pituitary extract, human epidermal growth factor, insulin, hydrocortisone, gentamicin sulfate-100 (Clontech Laboratories, Inc., Palo Alto, CA, USA). all trans retinoic acid was obtained from Sigma. The retinoic acid antagonist BMS453 was obtained from Bristol-MayersSquibb. All experiments with retinoids were performed in reduced light. Antibodies for cyclin E, CDK2, CDK4, p21, p16 and p15 were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Antibody for cyclin D1 was purchased from PharMingen (San Diego, CA, USA). Rb antibody is kindly provided by Dr Wen-Hwa Lee (Institute of Biotechnology, University of Texas Health Science Center at San Antonio, TX, USA). Anti-EGF receptor antibody was purchased from UBI (Lake Placid, NY, USA), and neutralizing TGFb antibody was purchased from RD (AB-100NA, Minneapolis, MN, USA).
H-Thymidine incorporation assay
Fifty thousand cells were seeded in a 24-well plate and then were starved in medium without any growth factors to synchronize the cells. After 24 h of growth factor deprivation, the cells were treated with retinoids for 11 h in medium containing pituitary extract and other growth factors. The cells were labeled with 3 H-thymidine (2 mCi/ml) for 3 h and then were incubated with 5% TCA at 48C for 30 min. The cells were then lysed by addition of 0.1 N NaOH. The level of protein in the lysates was determined using a BCA assay (Pierce, Rockford, IL, USA). 
Apoptosis assay
For TUNEL assay, eight thousand cells were seeded in 8-chamber slides and then were treated with retinoids (1 mM) for 5 days. The retinoids were added to the cells every other day. TUNEL assays were performed according to TACS TM in situ Apoptosis Detection Kit (Trevigen, Gaithersburg, MD, USA). The number of apoptotic cells (dark brown cells) and total number of cells were counted, and the results were expressed as number of apoptotic cells per 1000 cells. For cell death ELISA assay, 50 000 cells were seeded in a 6-well plate and treated with retinoids (1 mM) for 6 days. The apoptosis assay was performed according to Cell Death Detection ELISA kit (Boehringer Mannheim). Each sample was performed in triplet and the results expressed as mean+ standard error from at least two independent experiments.
RNA extraction and RNase protection assay
RNA from breast cells was prepared by lysis of cells in GIT buer as previously described (Chirgwin et al., 1979) . RNase protection assays were performed as described by Rocha et al. (1996) . In brief, 32 P-UTP labeled antisense cRNA was transcribed from human TGFb1, 2, 3, and 36B4 cDNAs by RNA polymerase as described (Rocha et al., 1996; Sun et al., 1994) . Digestion of the cRNA : mRNA hybrids produced 243, 337 and 181 bp protected bands for TGFb1, 2 and 3 respectively. The 36B4 riboplasmid was used to normalize for dierences in loading (Rocha et al., 1996) . Thirty mg RNAs were hybridized with 32 P-UTP labeled antisense RNAs followed by RNase A and RNase T treatment. The hybrids were loaded on 8 M urea 6% SDS ± PAGE. The gel was dried and exposed to X-ray ®lm. The intensity of signals was quantitated by PhosphorImager (Molecular Dynamics, Sunnyvale, CA, USA).
Flow cytometry assay
Normal breast cells were treated with vehicle (DMSO) or retinoids for 5 days and were stained with propidium iodide solution containing 50 mM EDTA, propidium iodide (50 mg/ ml) and 1.0 mg/ml RNase A at 1.0610 6 cells/ml for 45 min at room temperature in the dark. Prior to¯ow cytometric measurements, samples were ®ltered through a 37 mm nylon mesh into 12675 mm tubes and stored at 48C until analysis was performed within 24 h. Stained cells were analysed with an EPICS ELITE¯ow cytometer (Beckman-Coulter, Miami, FL, USA). Histograms were analysed for cell cycle compartments using MultiCycle-PLUS Version 3.0 (Phoenix Flow Systems, San Antonio, CA, USA).
Western blot analysis
Whole cell extracts were prepared by suspending the cells in lysis buer (50 mM Tris pH 6.8, 2% SDS) and the protein concentration was determined by BCA assay (Pierce, Rockford, IL, USA). Thirty mg to 100 mg of protein was fractionated on a 10 ± 12% acrylamide denaturing gel and transferred onto a nitrocellulose membrane (Life Science, Amersham) by electroblotting. The membrane was blocked with 5% non-fat dry milk in TBST (50 mM Tris pH 7.5, 150 mM NaC1, 0.05% Tween 20) for 1 h at room temperature or overnight at 48C and washed in TBST. The membrane was then incubated with primary antibody at a 1 : 100 to 1 : 200 dilution for 1 h at room temperature. After washing with TBST, the membrane was incubated with horseradish peroxidase-conjugated secondary antibody (Life Science, Amersham) at 1 : 4000 dilution for 1 h at room temperature. The membrane was washed in TBST and then the color was developed using the enhanced chemiluminescence (ECL) procedure (Life Science, Amersham).
Immunoprecipitation and kinase assays
Cells were starved with mammary epithelium basal medium (MEBM) (Clontech Laboratories, Inc., Palo Alto, CA, USA) with anti-human epidermal growth factor receptor antibody to eectively block autocrine TGFa signals (Upstate Biotechnology, Lake Placid, NY, USA) for 2 days and then treated with retinoids in MEBM with full supplements as described above. For the CDK2 kinase assay, cells were lysed in lysis buer containing 50 mM HEPES pH 7.5, 150 mM NaC1, 1 mM EGTA, 1 mM DTT, 1% Triton X-100, 10% glycerol, 10 mM b-glycerophosphate, 100 mM NaF, 0.2 mM NaVO 3 , 1.5 mM MgC1 2 , 10 mg/ml aprotinin, 10 mg/ml leupeptin and 1 mM PMSF. For CDK4 kinase assay, cells were lysed in the lysis buer containing 50 mM HEPES pH 7.5, 150 mM NaC1, 1 mM EDTA pH 8, 2.5 mM EGTA, 1 mM DTT, 0.1% Tween 20, 10% glycerol, 10 mM bglycerophosphate, 1 mM NaF, 0.1 mM NaVO 3 , 1.5 mM MgC1 2 , 2 mg/ml aprotinin, 10 mg/ml leupeptin and 0.1 mM PMSF. Protein concentration was determined by BCA assay (Pierce, Rockford, IL, USA). Protein G agarose (Life Technologies, Gaithersburg, MD, USA) was incubated with CDK2 or cyclin D1 antibody at 48C for 1 h followed by incubating with 500 ± 800 mg of protein extracts at 48C overnight. The agarose mixture was pelleted and washed in lysis buer four times. For immunoprecipitation-Western blotting, the agarose was resuspended in 40 ml 16 sample buer (125 mM Tris pH 6.8, 4% SDS, 0.005% bromophenol blue, 20% glycerol, 0.7 M b-mercaptoethenol) and 20 ml was loaded on 12% SDS ± PAGE. Western blotting was performed as described above. For the CDK2 kinase assay, the agarose mixture was washed in 16 cold kinase buer (20 mM Tris pH 7.5, 5 mM MgC1 2 , 2.5 mM MnC1 2 and 1 mM DTT) and resuspended in ®nal volume of 25 ml containing 5 ml 56 kinase buer (100 mM Tris pH 7.5, 25 mM MgC1 2 , 12.5 mM MnC1 2 , 5 mM DTT), 1 ml [g-32 P] ATP and 20 mg of histone H1 (Boehringer Mannheim, Indianapolis, IN, USA). For cyclin D-associated (CDK4/6) kinase assay, the agarose mixture was washed in 16 cold kinase buer (50 mM HEPES pH 7.5, 10 mM MgC1 2 , 1 mM DTT, 10 mM bglycerophosphate, 1 mM NaF and 0.1 mM NaVO 3 ) and resuspended in ®nal volume of 25 ml containing 5 ml 56 kinase buer (250 mM HEPES pH 7.5, 50 mM MgC1 2 , 5 mM DTT, 50 mM b-glycerophosphate, 5 mM NaF, 0.1 mM NaVO 3 , 0.1 mM ATP), 1 ml [g-32 P] ATP and 1 mg GST-Rb (Santa Cruz Biotechnology Inc., Santa Cruz. CA, USA). The kinase reaction was performed at 308C for 30 min and was stopped by adding 25 ml of 26 sample buer. The samples were heated at 908C for 5 min and 25 ml of reaction mixture was loaded on 10% SDS ± PAGE. The gel was dried and exposed to X-ray ®lm. The intensity of the bands was quantitated using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA, USA).
TGFb reporter assays
To measure TGFb activity, a TGFb-sensitive bioassay was used as previously developed by Abe et al. (1994) . In this assay, active TGFb is detected by the induction of luciferase activity in mink lung epithelial cells which have been stably transfected with a TGFb-responsive (from PAI-1 promoter) luciferase reporter gene. Using this assay, active TGFb can be detected in the conditioned media from cells grown in culture. In addition, total TGFb (active plus latent TGFb) secreted into the medium can also be measured after converting latent TGFb into active TGFb by heating the conditioned media (808C for 10 min). 1610 5 184 normal breast cells were seeded on 6-well plate and treated with atRA or BMS453 for 1, 3, or 5 days. Pituitary extract was excluded from the media for 24 h before collecting medium from the 184 cells. These conditioned media were then added to the mink lung epithelial cells (1.6610 5 cells per 96-well). After culturing for 16 h, the mink lung epithelial cells were then lysed in lysis buer (1 mM DTT, 100 mM potassium phosphate pH 7.8 and 1% Triton X-100) and luciferase activity was measured (Abe et al., 1994) . The data were plotted as mean+standard error from at least two independent experiments. Abbreviations atRA, all trans retinoic acid; 9cRA, 9-cis-retinoic acid; 13cRA, 13 cis retinoic acid; RAR, retinoic acid receptor; RXR, retinoic acid X receptor; ER, estrogen receptor, CDK, cyclin dependent kinase; TGFb, transforming growth factor beta; HMEC, human mammary epithelial cells.
